Abstract The aim of this study was to concurrently assess the effect of age on neuromuscular and mechanical properties in 24 young (23.6 ± 3.7 years) and 20 older (66.5 ± 3.8 years) healthy males and females. Maximal strength of knee extensors (KE) and flexors (KF), contractile rate of torque development (RTD) and neural activation of agonist-antagonist muscles (surface EMG) were examined during maximal voluntary isometric contraction (MVIC). Tissue stiffness (i.e. musculo-articular stiffness (MAS) and muscle stiffness (MS)) was examined via the free-oscillation technique, whereas muscle architecture (MA) of the vastus lateralis and subcutaneous fat were measured by ultrasonography. Males exhibited a greater age-related decline for KE (47.4 %) and KF (53.1 %) MVIC, and RTD (60.4 %) when compared to females (32.9, 42.6 and 34.0 %, respectively). Neural activation of agonist muscles during KE MVIC falls markedly with ageing; however, no age and sex effects were observed in the antagonist co-activation. MAS and MS were lower in elderly compared with young participants and in females compared with males. Regarding MA, main effects for age (young 23.0 ± 3.3 vs older 19.5 ± 2.0 mm) and sex (males 22.4 ± 3.5 vs females 20.4 ± 2.7 mm) were detected in muscle thickness. For fascicle length, there was an effect of age (young 104.6 ± 8.8 vs older 89.8 ± 10.5 mm), while for pennation angle, there was an effect of sex (males 13.3 ± 2.4 vs females 11.5 ± 1.7°). These findings suggest that both neuromuscular and mechanical declines are important contributors to the age-related loss of muscle strength/ function but with some peculiar sex-related differences.
Introduction
Deterioration in muscle strength/function is an inevitable consequence of the normal ageing process and can be associated with functional limitations and participation restrictions, such as an increased risk of falls (Wolfson et al. 1995) , hip fractures (Langlois et al. 1998 ) and a loss of bone mineral density (Sinaki et al. 1986 ), making elderly persons more dependent on others in daily life. This is particularly relevant to females, who live longer, reach the threshold of dependence earlier and have lower physical capacities than males at all ages (Larsson et al. 1979; Lindle et al. 1997) .
Loss of muscle mass represents the main factor associated with decreased muscle strength/function in elderly persons. This phenomenon is attributed to reductions in both the number and size of individual muscle fibres, especially type II fibres (Frontera et al. 2000; D'Antona et al. 2003) . On the other hand, it is well known that muscle strength declines at a greater rate than muscle mass during the normal ageing process (Young et al. 1985; Jubrias et al. 1997 ). This disproportionate loss indicates that other variables are likely to contribute to the age-related deterioration in muscle strength/function, with both mechanical and neuromuscular factors requiring consideration. Changes in muscle architecture (MA) have been associated with decreased muscle strength/ function in elderly persons (Kubo et al. 2003a; Narici et al. 2003; Strasser et al. 2013 ). Other relevant mechanical factors include tissue stiffness characteristics, which have been investigated in different biological structures (e.g. tendon, muscle and joint) involved in characteristic locomotion Bojsen-Moller et al. 2005; Ditroilo et al. 2012) . Age-related decrease in muscle strength/function depends also on alterations in neural drive to agonist and antagonist muscles (Izquierdo et al. 1999; Macaluso et al. 2002; Macaluso and De Vito 2004) . A number of studies have reported that maximal voluntary neural activation of agonist muscles was lower in groups of elderly individuals when compared to young and middle-aged groups (Häkkinen et al. 1998a; Macaluso et al. 2002; Billot et al. 2014) . Ideally, to thoroughly investigate age-related decline in muscle strength/function, the changes manifest in both mechanical and neuromuscular factors should be concurrently quantified and assessed. To the best of our knowledge, no studies to date have concomitantly examined and contrasted age-related deterioration in muscle strength/ function with respect to the contribution of MA, tissue stiffness and neural activities of agonist-antagonist muscles. Therefore, the aim of the present study was to simultaneously assess the age-related modifications of the aforementioned neuromuscular-mechanical factors by comparing young and older adults of both sexes.
Materials and methods

Participants
Twenty-four young adults (11 males and 13 females) and 20 older adults (11 males and 9 females) volunteered to participate in the study. The criteria for exclusion were applied through a general medical questionnaire based on the definition of 'medically stable' as proposed by Greig et al. (1994) . Participants were excluded primarily for the following conditions: presence or/and history of cardiovascular, cerebrovascular, neurological, uncontrolled metabolic, respiratory and major systemic diseases. None of the participants had previously engaged in strength training or competitive sports within the last 5 years. In order to determine the reliability for the variables of interest, participants attended the laboratory on two occasions separated by at least 1 week. Each laboratory visit lasted approximately 2 h, with the same order of testing undertaken on both days: maximal voluntary isometric contraction (MVIC) of both the knee extensors (KE) and flexors (KF), musculo-articular stiffness (MAS) and muscle stiffness (MS), and MA. The study was approved by the University Human Research Ethic Committee, and all participants provided written informed consent to the procedures and aims of the study. The age and the main physical characteristics of participants are reported in Table 1 . 
MVIC MS
After a 5-min warm-up exercise performed on a cycleergometer at a light resistance (50-100 W), MVIC of both KE and KF (right leg) was measured using an adapted leg dynamometer (Technogym, Gambettola, Italy) equipped with a load cell (Leane International, Parma, Italy, measurement rage 0-500 kg, output 2.00 mV/V). Participants were seated comfortably in a rigid chair and firmly strapped at the pelvis and upper body with hip and knee flexion angles of 110°and 70°( where 0°represents full extension), respectively. The rotational axis of the dynamometer was aligned to the lateral femoral epicondyle, and the lower leg was strapped to the machine lever arm 2 cm above the lateral malleolus. After full familiarization with the testing procedures, each participant performed a minimum of three maximal attempts for KE and KF with 2 min of rest between attempts. The participants were required to exert force 'as strongly and as quickly as possible' for 2-3 s, while strong verbal encouragement and on-line visual feedback was provided. An additional attempt was allowed when force variation was higher than 5 % between the best two attempts. The highest force attained by each participant was chosen for further analysis.
MAS
MAS of the knee joint, which is a comprehensive measurement of stiffness of the whole joint including muscle-tendon unit, surrounding articular surfaces, ligaments and skin, was assessed using the free-oscillation technique as described in previously published studies (Watsford et al. 2010; Ditroilo et al. 2011a ). The same dynamometer and position used for the MVIC assessment was adopted. Briefly, each participant was required to support a load corresponding to 20 % of KE MVIC on the anterior distal portion of the right lower leg. The weight of the right lower leg was estimated and added to the external load to incorporate the effect of gravity (Ditroilo et al. 2011a) . A brief perturbation of 100-150 N was then applied perpendicular to the lever arm at the same distance as the load supported and the ensuing damped oscillations were recorded by a uniaxial accelerometer (Crossbow Technology, Milpitas, CA, USA). Each participant performed five trials separated by a 1-min rest period with the average of the best three trials being used for further analysis.
Using the same setup as described for MAS assessment, MS of VL was measured via a myometry at a sampling rate of 3200 Hz (Myometer, Myoton-3, Mὕomeetra AS, Tallinn, Estonia, EU). This technique, similar to MAS, records the damped oscillations of a mechanically perturbed structure and, however, is a more localized and selective measurement of stiffness of an individual muscle (i.e. VL). The device's probe was positioned on the VL muscle at 2/3 of the distance between the anterior superior iliac spine and the lateral border of the patella. MS was assessed in a contracted condition (i.e. supporting a load =20 % KE MVIC). During testing, the probe was kept perpendicular to the skin surface and automatically tapped the muscle with a force of 0.3-0.4 N and a duration of 15 ms, as previously described (Ditroilo et al. 2012) . The subsequent damped natural oscillations were recorded by an accelerometer incorporated in the device giving an instantaneous recording of the muscle deformation characteristics. Five consecutive measurements were performed and averaged for statistical analysis.
MA
MA was assessed in vivo by using B-mode real-time ultrasound imaging (DP-6600, Mindray Bio-Medical Electronics CO., LTD, Shenzhen, China) equipped with a 40-mm, 7.5-MHz linear-array probe. Images were taken at 60 % of the distance from the lateral femoral epicondyle to the greater trochanter (right leg), which has been previously demonstrated as the point corresponding to the largest quadricep cross-sectional area (Maden-Wilkinson et al. 2013) . The measurements were taken with the participants in a supine position with the knee joint fully extended and muscles relaxed. Maps on transparency films were developed using anatomical reference points (i.e. border of patella) and skin marks (i.e. freckles and scars) to ensure that the same recording position was used on both experimental sessions. The head of the ultrasound probe was held perpendicular to the dermal surface to provide acoustic contact without depressing it. Two best quality images were selected and then averaged for further analysis. Muscle thickness, fascicle length (Lf) and pennation angle ( ) were assessed using computer software (AutoCAD 2015, Autodesk, Inc., San Rafael, CA). Muscle thickness was defined as the distance between the deep and superficial aponeuroses of the VL. was defined as the angle of insertion of muscle fibre fascicles into the deep aponeurosis and Lf as the length of the fascicular path between the insertions of the fascicle into the superior and deep aponeuroses ( Fig. 1 ). In addition, the subcutaneous fat was defined as the distance between skin surface and muscle belly (Nordander et al. 2003 ) and was measured adopting the same ultrasound procedure at the two sites corresponding to the position of the VL and biceps femoris (BF) surface EMG electrodes.
Surface EMG
Surface EMG was recorded during the assessment of MVIC from the VL and the long head of the BF muscles, as representative of the neural activation of KE and KF muscle groups, respectively . Before the test, the skin was prepared (shaved, lightly abraded and cleaned with ethyl alcohol) and two Ag/AgCl bipolar electrodes (Blue Sensor N-00-S, Ambu Medicotest A/S, Ølstykke, Denmark) were positioned with 20 mm interelectrode distance according to the SENIAM guidelines (Hermens et al. 1999) . A ground electrode was attached on the patella. The same transparency films described above were used to mark the reference points to ensure that same examination sites were measured on the second testing day. Surface EMG signals were synchronized with force and acceleration signals that were all sampled at 1000 Hz, amplified with a gain of 1000 and stored on a PC using a 16-bit A/D converter data acquisition system (Biopac System, Inc., Goleta, CA, USA).
Data analysis
The signals were processed in Matlab R2014a (Mathworks, Natick, MA, USA). Force and acceleration signals were off-line low-pass filtered at 15 and 4 Hz, respectively, whereas EMG signals were band-pass filtered between 20 and 400 Hz using a fourth-order zerophase Butterworth filter. Subsequently, force signals were converted into torque values (Nm). MVIC for knee extension and flexion was calculated as the highest 1000 ms average reached within any single force recording. The contractile rate of torque development (RTD) for KE was acquired by the linear slope of the torque-time profile (i.e. ΔTorque/ΔTime). The RTD was calculated over epochs 0-200 ms torque-time characteristics in line with previous studies (Aagaard et al. 2002; Andersen et al. 2010) . The onset of torque development was defined as the instant when the torque value exceeded the baseline level by 7.5 Nm (Aagaard et al. 2002) . To quantify the EMG amplitude and frequency components, the root mean square (RMS) and median frequency (MDF) were calculated over a period of 1000 ms corresponding to MVIC of the highest force attained. The EMG activation of agonist muscles and co-activation of antagonist muscles were calculated as previously described (Macaluso et al. 2002) . Briefly, the RMS value from the antagonist muscle group was reported as a percentage of the RMS amplitude during its MVIC when acting as an agonist and used to express the level of antagonist co-activation during knee extension. The MDF of the EMG was estimated using the fast Fourier transform (FFT) calculated with overlapping Hamming windows of 500 ms duration and 75 % overlap.
Statistical analysis
The statistical analysis was performed using SPSS 20.0 (IBM Ireland Ltd., Dublin, Ireland). All data are presented as mean ± SD. Normality of distribution was tested by a non-parametric test (one-sample Kolmogorov-Smirnov test), and all variables were normally distributed. Factorial analyses of variances (ANOVA) with two independent factors (age × sex) were adopted. When a significant interaction (age × sex) was detected, pairwise comparisons were performed using a Bonferroni adjustment. In addition, since the subcutaneous fat was correlated with MS (p < 0.001, r = −0.69), MDF (p < 0.05, r = −0.30), RMS EMG activation of agonist muscle (i.e. VL) (p < 0.05, r = −0.32) and co-activation of antagonist muscle (i.e. BF) (p < 0.001, r = 0.54), an analysis of covariance (ANCOVA) was performed adopting subcutaneous fat as a covariate. Effect size (ES) was also calculated using ) and interpreted as small (0.01), moderate (0.06) and large (0.14) (Cohen 1988) . Intraclass correlation coefficients (ICC) with 95 % confidence intervals (CI) and coefficients of variation (CV) were applied to verify the between-session reliability performed on two separate days for all measurements. A paired sample t test was used to detect any systematic bias over the two testing sessions. The level of statistical significance was set at p < 0.05. For the purpose of the comparison, the data presented here refer only to the second testing session.
Results
MVIC and RTD
A significant interaction between age and sex was detected for both KE MVIC (F (1, 40) = 9.0, η 2 = 0.19; p < 0.01) and KF MVIC (F (1, 40) = 7.0, η 2 = 0.15; p < 0.05) ( Table 2 ). The older participants in both sex groups exhibited lower levels of muscle strength than their younger counterparts for KE (males F (1, 40) = 45.6, η 2 = 0.53, p < 0.001; females F (1, 40) = 5.9, η 2 = 0.13, p < 0.05) and KF (males F (1, 40) = 44.9, η 2 = 0.53, p < 0.001; females F (1, 40) = 8.3, η 2 = 0.17, p < 0.01), with a more pronounced difference observed between OM and YM (KE by 47.4 % and KF by 53.1 %, respectively) with respect to OF and YF (KE by 32.9 % and by KF by 42.6 %, respectively) (Fig. 2) . Similarly, an interaction (age × sex) was also observed for RTD (F (1, 40) = 12.8, η 2 = 0.24; p < 0.01) ( Table 2) , showing a more pronounced reduction in OM (60.4 %) compared with 34.0 % observed in OF, respectively (Fig. 3) . However, when RTD were normalized to KE MVIC (i.e. expressed as %MVIC), all the observed differences disappeared.
MAS and MS
Main effects for age and sex but with no interaction (age × sex) were observed for MAS (Table 2) , showing a lower level of MAS in older participants compared to the young (F (1, 41) = 15.5, η 2 = 0.27; p < 0.001) and in females compared to the males (F (1, 41) = 6.5, η 2 = 0.14; p < 0.05). Moreover, MS was characterized by a main effect for sex due to a lower MS observed in females than males (F (1, 41) = 27.4, η 2 = 0.40; p < 0.001) but not for age (Table 2 ). However, after controlling for the effect of subcutaneous fat over the VL (covering the area where the probe was applied) as a covariate (F (1, 40) = 18.3, η 2 = 0.31; p < 0.001), the older participants demonstrated a lower MS than young participants (F (1, 40) = 6.8, η 2 = 0.15; p < 0.05) and females were still characterized by lower MS values than males (F (1, 40) = 4.25, η 2 = 0.10; p < 0.05).
MA
Concerning muscle thickness (Table 2) , there were main effects for age (F (1, 41) = 22.4, η 2 = 0.35; p < 0.001) and sex (F (1, 41) = 9.4, η 2 = 0.19; p < 0.01). In regard to Lf, a main effect for age indicated a 14.1 % shorter Lf in the older compared with young participants (F (1, 41) = 24.6, η 2 = 0.38; p < 0.001) but no sex effect. In contrast, the demonstrated a main effect for sex but not for age, which revealed a larger angle in males than females (F (1, 41) = 8.9, η 2 = 0.18; p < 0.01).
Neural activation (surface EMG) Figure 4 depicts the KE muscle torque signals and the associated EMG of VL of one older and one young participant recorded during the knee extension MVIC test. Main effects for both age and sex characterized RMS EMG VL amplitude. Lower VL activation (RMS) was observed in older compared to young participants (F (1, 41) = 6.9, η 2 = 0.14; p < 0.05) and in females compared to males (F (1, 41) = 6.4, η 2 = 0.14; p < 0.01) ( Table 2 ). The ANCOVA analysis performed adopting subcutaneous fat of VL (covering the area where the electrodes were attached) as a covariate was not significant. Whereas, concerning the co-activation of antagonist muscles, the BF co-activation was higher in females than males (F (1, 41) = 4.46, η 2 = 0.10; p < 0.05) but with no difference between young and older participants. Nevertheless, in this analysis after adopting the subcutaneous fat covering the BF area as a covariate (F (1, 40) = 9.0, η 2 = 0.18; p < 0.01), the BF co-activation was shown to be similar for both males and females and for young and older participants. A main effect for age but not for sex was detected in relation to MDF. Indeed, in the older participants, the MDF was lower in comparison with their younger counterparts (F (1, 41) = 7.09, η 2 = 0.15; p < 0.05) ( Table 2) . Interestingly, after adopting subcutaneous fat of VL as a covariate (F (1, 40) = 6.2, η 2 = 0.14; p < 0.05), this age effect was retained (F (1, 40) = 10.3, η 2 = 0.20; p < 0.01). 13.5 ± 2.9
11.8 ± 1.9
13.1 ± 1.7
11.1 ± 1. Test-retest reliability Acceptable to excellent reliabilities between the two testing sessions were observed for all measurements (Table 3 ) with no significant differences in any variable between the two testing sessions.
Discussion
In the present study, a comprehensive analysis of the age-related alterations in both mechanical and neuromuscular factors was conducted for the first time in both sexes with acceptable to excellent reliability for the variables of interest. The study revealed that both mechanical and neuromuscular properties were reduced with age, although with some peculiar sex-related differences especially in relation to muscle strength. 
MVIC and RTD
As expected, young participants were stronger than older participants both for knee extension and flexion. In accord with previous studies (Lindle et al. 1997; Akima et al. 2001; Ditroilo et al. 2010 ), a lower maximal strength during knee extension and flexion was observed in the elderly people with a more evident age-related decline detected in males compared with females. Ageing has been also reported to be associated with decrease in the explosive power output (De Vito et al. 1998; Macaluso and De Vito 2003) . When considering the same muscle group, a diminution in the ability to rapidly produce force seems to occur to a greater extent than a diminution in muscle strength. Indeed, in the present study, older participants exerted a slower contractile RTD for KE in comparison to young participants with a more pronounced decline in males than females. Loss of muscle mass is likely the most significant factor contributing to the different age-related declines for MVIC and RTD observed in OM compared to OF. Janssen et al. (2000) have shown that males are characterized with greater muscle mass than females with greater loss of muscle mass with ageing. It is well known that contractile RTD is strongly related with MVIC (Klass et al. 2008; Andersen et al. 2010 ); hence, presumably the different declines in males and females with advanced age are due to the greater absolute forces exerted by the YM than YF. The results of the present study have shown when RTD was expressed as %MVIC/s, there was no difference between young and older males and females, which would support previously published findings (KentBraun and Ng 1999; Thompson et al. 2014) . Moreover, our results are comparable with the results of previous studies which have examined the age-related decline in maximal (i.e. MVIC) and rapid (i.e. RTD/rate of force development RFD) force generation capacity of different lower limb muscles: knee extensors Ditroilo et al. 2012) , knee flexors (Thompson et al. 2013) , ankle dorsi flexors (Klass et al. 2008 ) and ankle plantar flexors (Thompson et al. 2014) . In absolute terms, a reduction in RTD is functionally relevant given that the ability to exert rapid force plays an important role in explosive muscle performance, which is essential for the proper execution of daily living activities, such as maintaining balance and walking ability (Häkkinen et al. 1998b; Aagaard et al. 2002) .
Neural activation (surface EMG)
Loss of maximal and explosive force capability in older adults could also be ascribable to an age-related reduction in the firing frequency of motor units (MUs) and/or the number of recruited MUs (Brown et al. 1988; Doherty et al. 1993) . It is clear that the surface EMG analysis does not allow for discrimination among the different factors potentially causing these neuromuscular alterations. However, it is reasonable to suggest an age-related decrement in neural activation based on observed relatively lower RMS and MDF of the surface EMG measured in the older compared to young participants which is in agreement with previous studies (Tracy and Enoka 2002; Bazzucchi et al. 2004; Billot et al. 2014) . In particular, the lower MDF found during KE MVIC, in our older participants, is likely due to a decrement in the muscle fibre conduction velocity (Kupa et al. 1995; Merletti et al. 2002; Bazzucchi et al. 2004 ). This may potentially reflect a change in muscle fibre type towards a greater proportion of muscle fibre I types (Merletti et al. 2002) . Another factor that can result in reduction in muscle strength relates to the possibility that OM and OF were not able to fully voluntarily activate their MU pool (Yue et al. 1999) . On the other hand, when proper methodology is adopted and visual feedback is provided (as in the present study), healthy older individuals in their 6th and 7th decades should be able to fully activate their musculature as previously detailed . In addition, our study also showed that age has an equal effect in male and female participants for MDF and EMG RMS VL activation suggesting that age-related deteriorations in MUs activation were not sex dependent.
In the present study, we found that the co-activation level of antagonist muscle (i.e. KF) was not significantly different between young and older males and females during the execution of a maximal isometric knee extension test (i.e. KE MVIC). Similarly, Billot et al. (2014) with populations comparable to the present study and examining the same muscle groups did not find any age effect on co-activation level of the hamstring muscles. However, several previous studies investigating the same joint have shown contrasting results with the EMG antagonist co-activation level reported to be higher in older individuals when compared to their younger counterparts (Izquierdo et al. 1999; Macaluso et al. 2002) . It has been suggested that, at least for the knee joint musculature, agonist-antagonist co-activation may serve to protect and stabilize the joint during forceful contraction (Baratta et al. 1988 ). Indeed, a greater level of antagonist coactivation can reduce the agonist muscle performance through the opposing mechanical movement of the antagonist muscles (Carolan and Cafarelli 1992) and also by reciprocal inhibition (Crone and Nielsen 1989) . This discrepancy between results could be partly explained by the presenceof adiposetissue.Sincetheco-activationis usually assessed using surface EMG amplitude measurements, it is important to assess the potential impact that adipose tissue covering the muscles of interest can have on the measure because of its well-known effect on the level of cross-talk among neighbouring muscles and the muscle under consideration (Solomonow et al. 1994; Kellis 1998) . In our study when the effect of subcutaneous fat was not considered, a sex effect was observed indicating a higher level of co-activation in females than males. However, when the subcutaneous fat was included in the analysis (ANCOVA), the previously observed sex difference disappeared. Therefore, we suggest that the effect of subcutaneous fat should be taken into account in order to minimize/remove the aforementioned risk of cross-talk when using surface EMG amplitude as a measure of activation across different populations (Solomonow et al. 1994; Kellis 1998 ).
MA and tissue stiffness
Our results relative to MA are in agreement with some of previous studies that have observedage-associatedchanges in VL (Kubo et al. 2003b; Strasser et al. 2013) . Muscle thickness and Lf of older participants were observed to be 15.1 and 14.1 % smaller than those of young participants, respectively. On the other hand, we did not observe a difference in and this result is supported by the findings of previous studies Arampatzis 2005, 2006) but contradicts several other studies (Kubo et al. 2003a (Kubo et al. , 2003b ). An explanation for the above inconsistencies may be due to the difference in the population considered in terms of age and sample size. Studying participants up to the 8th decade with a large sample size (121 participants) revealed an age-related decline in forVL (Kubo et al. 2003b ), but a similar was observed by analysing participants up to the 6th decade with a smaller sample size (49 participants) (Karamanidis and Arampatzis 2006) . Greater muscle thickness and can lead a given area of tendon or aponeurosis to link to more contractile tissues, which depends on the number of sarcomeres placed in parallel, hence generating higher relative force (Powell et al. 1984) . In turn, longer fascicle length can exert faster shortening velocities and extend the length range of force development, which depends on the number of sarcomeres placed in series (Stafilidis and Arampatzis 2007; Strasser et al. 2013 ). Hence, our study would suggest that with age more sarcomeres are lost in series than in parallel. The more consistent drop with ageing observed for RTD with respect to KE MVIC found in the present study could bring consistency to the observed MA alterations (i.e. reduction in Lf). Indeed, it has been often demonstrated that explosive force characteristics (i.e. RTD/RFD) may decrease during ageing to a greater magnitude than maximal isometric strength Ditroilo et al. 2012; Thompson et al.2013) .Therefore, the observed shorter Lf in old muscle, by decreasing the shortening velocity, could represent an important factor contributing to the reduced RTD.
Other than MA, additional mechanical factors that may explain the present findings are the changes in tissue stiffness because of elastic deformation of a connective material/tissue during contraction (Ditroilo et al. 2011b) . In agreement with the present study, a lower level of MAS at the knee joint has been reported in the older adults when compared to young adults (Ditroilo et al. 2012) and in young females when compared to males (Wang et al. 2015) . Certainly, during the freeoscillation test when a brief perturbation is applied, a higher compliance of the musculo-articular system likely results in a greater amplitude of the ensuing oscillation which must be absorbed over a larger distance and/ or time. The reduced stiffness implies a longer time necessary to take up the slack residing in the tendon (Watsford et al. 2010) , which translates into a lower RTD (Wilson et al. 1994; Watsford et al. 2010 ). This may affect several actions of everyday living in the elderly populations (Ditroilo et al. 2012 ) and eventually increase the risk of soft tissue injuries (Butler et al. 2003) . In line with previous studies, MS was also lower in older compared to the young participants (Ikezoe et al. 2012 ) and in young females compared to young males (Wang et al. 2015) . During muscle contraction, the number of bonds between actin and myosin increases, making the muscle stiffer (Ford et al. 1981) . Therefore, one factor to explain the age-related reduction in MS may be the loss of the sarcomeres in series due to the reduction of fibre length observed in older participants (Narici and Maganaris 2006) . In functional terms, these MAS and MS decrement in older adults may have detrimental impacts on the ability to rapidly regain balance during sudden postural perturbations, as a more compliant tissue system may fail to resist sudden joint displacements quickly and effectively, hence, potentially increasing the risk of falls and more in general muscle performance deficits.
Conclusion
There are a number of limitations to this investigation. Firstly, it was a cross-sectional study and involved a limited number of participants. However, the large number of parameters considered made difficult to expand the number of participants without loading in excess the individuals. In addition, we believe that the observed reliability in the variables of interest was a good safeguard in respect to this sample size limitation. The second limitation was related to the fact that we did not assess muscle mass directly, which could influence the capacity of strength production. However, the muscle thickness was measured from the quadriceps muscle by ultrasonography, and this has been previously correlated with muscle strength (Ikezoe et al. 2012; Strasser et al. 2013 ) and cross-sectional area (Abe et al. 1997 ). Lastly, physical activity and functional assessment were not evaluated, although the history of strength/heavy exercise was determined by a questionnaire. But it is acknowledged that young females may tend to be more sedentary than males. As such, future study should include these relevant assessments. In summary, this study provided comprehensive information on the agerelated neuromuscular and mechanical modifications affecting the neuromuscular system by comparing young and older adults of both sexes. All variables of interest displayed acceptable to excellent reliabilities. The present results showed that ageing led to a great deficit in the ability to perform maximal and rapid forceful contraction on the knee joint musculature with a more evident deficit observed in males. These findings are sustained by marked alterations both in mechanical and neuromuscular characteristics as evidenced by changes in neural activation of agonist muscles, MA and tissue stiffness, which may potentially impair the execution of motor tasks of older adults. Such information may assist in planning exercise interventions to counteract the age-associated reduction in muscle function of older healthy populations.
